The CO 2 emissions were measured in environmental rooms in 15 animal operation studies, including studies of dairy cow, steer, swine, turkey, laying hen and broiler. The objectives of this paper are to summarize CO 2 emission data in these 15 studies;, to investigate the possible diet effect; and to evaluate the performance of the CO 2 balance approach to estimate ventilation rate (VR) of animal houses. Lower CO 2 emissions were observed from steers fed diets containing 60% DDGs as compared to that from steers fed the control diets (0% DDGs). Significant differences in CO 2 emissions were observed among different studies for each species of broiler, laying hen, swine, and steer, which could be the result of different management practices, different stages of production, or different weather conditions. In 10 out of the 15 studies, the measured CO 2 emissions were significantly larger than the estimated CO 2 productions, which could represent the corresponding amount of CO 2 generation that was not accounted in the metabolic CO 2 production as well as uncertainties in measurements of CO 2 emissions. The overall R 2 was 0.97 when treating each of the 15 studies as one data point. The relative differences between measured and estimated VR were in the range of 6.3% to 20.5%. Uncertainties in estimated VR in dairy cow studies were relatively large because the relatively large variations in measured CO 2 emissions in these studies were not well represented by the relatively constant estimated CO 2 production values. 
Introduction
Affordable and reliable means to estimate ventilation rates (VR) of animal house is desirable in the effort to quantify air emissions from animal operations. A CO 2 balance approach has been proposed to estimate VR based on the metabolic rate data of the animals (Van Ouwerkerk and Pedersen, 1994) . Reliability of the CO 2 balance approach depends on the accuracy of the metabolic rate data of the animals and amount of CO 2 generation that is not accounted in the metabolic CO 2 production. Air emissions from different species were measured as well as VR in environmental rooms at Michigan State University over the course of 15 studies under various dietary strategies. The research objectives of this paper are: (1) to summarize baseline data on CO 2 emissions from animal operations in these 15 studies and to investigate the possible diet effect; (2) to compare the measured CO 2 emissions with CO 2 production rates from the metabolic rate data in literature; (3) to evaluate the performance of the CO 2 balance approach to estimate VR of animal houses for various species.
Methods

Animals and diets
Animals were housed and monitored in environmentally-controlled rooms (H 2.14 m × W 3.97 m × L 2.59 m) in the Animal Air Quality Research Facility at Michigan State University. Conditions within the rooms were managed to optimize animal health and productivity. Each room can accommodate one steer, one lactating cow, six finishing pigs, 20 turkeys, 50 broiler chickens, or 80 laying hens. In each study, animals from one of the species were raised in 12 rooms feeding 3 or 4 different diets (4 or 3 reps/diet). The species, code of studies, days of operation and applied diets of all the 15 studies are presented in Table 1 . 
Air Emission Measurements
Through software control (LabVIEW Version 8.2; National Instruments Corp., Austin, TX), gas concentrations were measured in a sequential manner, first with incoming air for 15 min, then through each of the 12 rooms' exhaust air for 15 min. This allowed 7 to 8 daily observations per room. The air lines were allowed to purge for 9.5 min before the start of data collection. Following purging, data were collected for 5.5 min. All gases were measured simultaneously within a sample stream. The gas sample was pulled to a sampling manifold using a 
Estimation of total heat production (THP)
It is expected animal body weights and production levels, i.e. their feed intake, will influence their total heat production directly (CIGR, 2002) . Equations to calculate THP of animals were presented in Table 2 . Y 1 = Milk production, kg/day THP = total animal heat dissipation in animal houses, W. m = the body mass weight of the animal, kg. M = energy content of feed, MJ/kg dry matter. p = number of days of pregnancy Y 1 = milk production kg/day Y 2 = meat and egg production, kg/day n = daily feed energy in relation to maintenance requirement.
The CO 2 balance approach to estimate VR
The CO 2 balance approach to estimate VR is based on the principle of indirect animal clorimetry. The THP can be related to CO 2 production using the following equation (Xin et al., 2009; Brouwer, 1965) .
Where CO 2 is CO 2 production rate of the animal (mL s -1 ); RQ is respiratory quotient of the animal (ratio of CO 2 production and O 2 consumption). Therefore, the CO 2 production rates from animal can be obtained from THP. Then, the VR can be estimated as following.
Where [CO 2 ] e and [CO 2 ] i are the measured CO 2 concentrations in exhaust and inlet air respectively, ppm.
Data Analysis
When studying the effect of diets or studies, data were analyzed statistically by ANOVA using the MIXED model procedure of SAS (SAS for Windows, Version 9.1.3, SAS Institute, Cary, NC). Date was a random variable and room was treated as nested term within diet. Statistical significance between means was accepted at P<0.05. Paired t-tests were performed to compare measured CO 2 emissions and estimated CO 2 productions, measured and estimated VR.
Uncertainty Analysis
The uncertainties of estimated VR were evaluated using the component error analysis 
Results
Diet effect on measured CO 2 emissions
Diet effects on measured CO 2 emissions from animal operations in the 15 studies are presented in Table 3 . Results showed no significant diet effects in 14 of the 15 studies. In study ST0209, lower CO 2 emissions were observed from steers fed diets containing 60% DDGs as compared to that from steers fed the control diets (0% DDGs). In the other hand, diets with higher DDGs resulted in higher CH 4 emissions from laying hens and swine operations in the studies of LY0108, LY0209, SW0109 and SW0209 (data not shown). The results indicate that DDGs content in diets has the potential to affect the balance of carbon emissions from animals. 
Effect of studies on CO 2 emissions for each species
Within each species, the CO 2 emissions in different studies were compared with each other (Table 4 ). Significant differences were observed among different studies for each species of broiler, laying hen, swine, and steer. The differences in CO 2 emissions between different studies could be the result of different management practices, different stages of production, or different weather conditions. Comparison of directly measured CO 2 emissions with estimated CO 2 production rates from THP
Results of paired t-tests between measured CO 2 emissions and estimated CO 2 production rates from THP are presented in Table 5 . In 10 out of the 15 studies, the measured CO 2 emissions were significantly larger than the estimated CO 2 productions. In 3 studies, the estimated and measured CO 2 values were not different from each other (P>0.05). In 2 studies, the measured CO 2 emissions were significantly less than the estimated CO 2 productions. Higher measured CO 2 emissions were expected because the total CO 2 emissions from animal operations should be the sum of metabolic CO 2 production of the animals (which were estimated from THP) plus CO 2 generation from other sources (e.g. litter or manure). The CO 2 generation from other sources could add some uncertainty to the total CO 2 emissions. Figure 1 plotted the differences between measured CO 2 emissions and estimated CO 2 productions as percentage of estimated CO 2 productions. The differences represent the corresponding amount of CO2 generation that was not accounted in the metabolic CO2 production as well as uncertainties in measurements of CO 2 emissions. In the two broiler studies, the measured CO 2 emissions were 15% to19% higher than the estimated CO 2 productions from THP. In the four steer studies, the measured CO 2 emissions were 16% to 34% higher than the estimated CO 2 productions from THP. In laying hen, turkey, swine and dairy cow studies, the relative magnitude between the measured CO 2 and estimated CO 2 values were not very consistent. Li et al. (2004) reported that generation of CO 2 by hen manure seemed to account for about 10% of the total CO 2 produced in the building, which is comparable with results of this study. The error bars in Figure 1 represent the 95% confidence interval (CI). Larger variation in measured CO 2 emissions as compared to relatively constant estimated CO 2 productions in dairy cow studies resulted larger error bars in these studies. 
Comparison of directly measured VR with estimated VR using the CO 2 balance approach
Comparison of directly measured VR with estimated VR using the CO 2 balance approach is presented in Table 6 . The results showed that using estimated CO 2 productions from THP to represent the total CO 2 emissions in animal houses can result in underestimation of CO 2 emissions and therefore underestimation of VR. Because the estimated CO 2 productions were consistently lower than the measured CO 2 emissions in broiler and steer studies; the estimated CO 2 productions were multiplied by correction factors of 1.15 and 1.16 respectively to represent the total CO 2 emissions for broiler and steer studies. The R 2 values for correlations between measured and estimated VR within individual studies were low in most studies partly due to limited day to day variation of VR within each individual study. Relatively high R 2 were observed in studies of broilers and turkey due to the relatively high variation of VR in these studies. Van Ouwerkerk and Pedersen (1994) suggested that the differences in CO 2 concentrations between exhaust and inlet air should exceed 200 ppm to ensure the accuracy of the CO 2 balance approach. The requirement is not met in this study, which may be another reason of the low R 2 values in Tables 6. By treating each of the 15 studies as one data point, the correlation between measured and estimated VR was plotted in Figure 2 . The error bars in Figure 2 represent standard deviations of measured or estimated VR. Uncertainties in estimated VR in dairy cow studies were relatively large because the relatively large variations in measured CO 2 emissions in these studies were not well represented by the relatively constant estimated CO 2 production values. This also caused large relative differences between measured and estimated VR in dairy cow studies (Table 6 ). Figure 2 . Correlation between measured and estimated VR in the 15 studies
Uncertainties in estimated VR
The uncertainties in estimated VR using the CO 2 balance approach come from the uncertainty in estimated CO 2 emissions and the uncertainties associated with the measurements of CO 2 concentration differences. The uncertainty in estimated CO 2 emissions can be represented by a constant bias due to unaccounted CO 2 emissions from other sources and a random error in measurements of CO 2 emissions. It has been shown that, the constant bias can be as high as 34% (in ST0209), and the random error can be as high as 9% (in DY0108). The combined uncertainties in estimated CO 2 emissions were in the range of 2% to 37% when using estimated CO 2 productions from THP to represent the total CO 2 emissions in animal houses. The resulting uncertainties in estimated VR were calculated under various random uncertainties in measurements of CO 2 concentrations (Table 7) . The uncertainties in estimated CO 2 emissions usually represent the major source of uncertainties in estimated VR. The constant bias in estimated CO 2 emissions could be reduced by using proper correction factors. When the CO 2 concentration differences between exhaust and inlet were low, the relative uncertainties in measured CO 2 concentration differences become large, and can be an important source of uncertainties in estimated VR. 
Conclusion
Gas emissions of CO 2 were measured in environmental rooms in 15 animal operation studies, including 2 dairy cow studies, 4 steer studies, 2 pig studies, 1 turkey study, 4 laying hen studies and 2 broiler studies. Investigation of diet effect on measured CO 2 emissions indicate that DDGs content in diets has the potential to affect the balance of carbon emissions from animals. Lower CO 2 emissions were observed from steers fed diets containing 60% DDGs as compared to that from steers fed the control diets (0% DDGs). Significant differences in CO 2 emissions were observed among different studies for each species of broiler, laying hen, swine, and steer, which could be the result of different management practices, different stages of production, or different weather conditions. In 10 out of the 15 studies, the measured CO 2 emissions were significantly larger than the estimated CO 2 productions, which could represent the corresponding amount of CO2 generation that was not accounted in the metabolic CO2 production as well as uncertainties in measurements of CO 2 emissions. The R 2 values for correlations between measured and estimated VR within individual studies were low in most studies partly due to limited day to day variation of VR within each individual study. The overall R 2 was 0.97 when treating each of the 15 studies as one data point. The relative differences between measured and estimated VR were in the range of 6.3% to 20.5%. Uncertainties in estimated VR in dairy cow studies were relatively large because the relatively large variations in measured CO 2 emissions in these studies were not well represented by the relatively constant estimated CO 2 production values. The uncertainties in estimated CO 2 emissions usually represent the major source of uncertainties in estimated VR using the CO 2 balance approach. The constant bias in estimated CO 2 emissions could be reduced by using proper correction factors.
